Current models of word reading differ in their descriptions of how print-to-sound conversion is performed. Whereas a parallel procedure is generally assumed, the DRC model developed by Coltheart and Colleagues (Coltheart et al., 2001) holds that phonological conversion operates letter-by-letter, serially from left to right. An interesting aspect of the hypothesized serial procedure is that only the first letter of two-letter graphemes is thought to cause activation of its corresponding phonological code, the second letter of multi-letter graphemes being directly merged with the preceding letter to form a complex grapheme. This hypothesis was examined in a task in which participants had to detect target phonemes in visually presented pseudowords. The data suggest that phonological codes associated with all the letters of the multi-letter graphemes are activated.
Abstract
Current models of word reading differ in their descriptions of how print-to-sound conversion is performed. Whereas a parallel procedure is generally assumed, the DRC model developed by Coltheart and Colleagues holds that phonological conversion operates letter-by-letter, serially from left to right. An interesting aspect of the hypothesized serial procedure is that only the first letter of two-letter graphemes is thought to cause activation of its corresponding phonological code, the second letter of multi-letter graphemes being directly merged with the preceding letter to form a complex grapheme. This hypothesis was examined in a task in which participants had to detect target phonemes in visually presented pseudowords. The data suggest that phonological codes associated with all the letters of the multi-letter graphemes are activated.
Reading words aloud requires readers to match orthographic units with phonological ones. A question that has attracted considerable debate is how this mapping proceeds (Frost, 1998) . The dual route theory posits that access to the phonological code of a printed word can either follow lexical access, or be based on an analytical procedure which converts sublexical orthographic units into phonological units (e. g.; Coltheart, Curtis, Atkins, & Haller, 1993; Forster & Chambers, 1973; Taft, 1991) . Within this theoretical framework, one important issue concerns the way the analytical conversion is performed. According to various models (e. g., Norris, 1984; Taft, 1991) , all orthographic units of the word (e. g., graphemes) are mapped in parallel to the corresponding phonological codes (e. g., phonemes).
Such a view is also espoused by Parallel Distributed Processing (PDP) models of phonological conversion (Plaut, McClelland, Seidenberg, & Patterson, 1996; Zorzi, Houghton, & Butterworth, 1998) . Conversely, the Dual Route Cascaded (DRC) model (Coltheart et al., 1993; Coltheart, Rastle, Perry, Langdon, & Ziegler, 2001) , an instantiation of the dual route theory, holds that the phonological conversion of sublexical units operates serially. Hence, although the lexical and analytical procedures operate in parallel in the DRC model, the phonological code is built up sequentially, from left-to-right, by the analytical procedure. Finally, the phonological codes accessed by the two procedures are merged in a common final phoneme recipient. The present study was undertaken to examine a particular aspect of the serial hypothesis.
The assumption that letter strings are processed serially during phonological conversion has been supported by the finding that low-frequency words including an irregular/inconsistent print-to-sound association are penalized in naming, and especially when the irregularity occurs early in the letter string 1994; Content, 1991; Content & Peereman, 1992; Jared & Seidenberg, 1990 ). The DRC model can account for this serial position effect since it assumes that letter strings are converted serially, from left to right. Indeed, because the whole phonological representation can be quickly accessed through lexical retrieval, the sequential procedure only has time to deliver phonological codes to the phoneme system for the initial portion of a word before lexical retrieval occurs. In contrast, for words including late irregularities, the whole phonological representation is thought to be addressed before the phonological conversion of the ending graphemes. Thus, only words having early irregularities suffer from the activation of conflicting phonological codes in the phoneme system. An interesting aspect of the serial hypothesis of the DRC model is that the phonological translation is supposed to make use of a letter-by-letter procedure instead of grapheme-by-grapheme procedure . The basic finding leading to this hypothesis is that pseudowords are pronounced less rapidly when they contain complex graphemes, such as OO in FOOPH (the Whammy effect; Rastle & Coltheart, 1998 ; see also Joubert & Lecours, 2000; Rey, Jacobs, Schmidt-Weigand & Ziegler, 1998) . A key characteristic of the hypothesized procedure is that letters are entered successively in the grapheme-to-phoneme conversion system and that the selected letters are matched to a set of grapheme-to-phoneme rules, with complex graphemes having a higher processing priority than single-letter graphemes. For example, the conversion of the pseudoword FOOPH starts with the conversion of the grapheme F which activates the grapheme-to-phoneme rule F -> /f/. The second letter O is then entered and activates the grapheme-to-phoneme rule O -> /Q/.
When the third letter O is entered for conversion, it is combined with the second letter O to activate the grapheme-to-phoneme rule OO -> /u/. Simultaneously, the initial activation of the rule O -> /Q/ is inhibited. This assumption allowed the authors to predict that pseudowords which contain complex graphemes will be disadvantaged because the phonemic code associated with the complex grapheme (in our example, /u/) will conflict with the phonemic code associated with the first letter of the complex grapheme (i.e., /Q/). Thus, a critical characteristic of the procedure is that whereas the first letter of a complex grapheme (e. g., O in OO) will cause activation of its corresponding phonological code, the second letter of the grapheme (O in OO) will never be considered individually for phonological conversion since it will be combined with the preceding letter to form the complex graphemic unit (OO) 1 . It is on this specific claim that the present study focuses.
The question of whether each letter of multiletter graphemes causes the activation of its phonological counterpart appears to be central in modeling word reading processes. The first reason for this is that it constitutes a main characteristic distinguishing between parallel and serial models of print-to-sound conversion. Indeed, whether or not the whammy effect should be considered to represent strong evidence in favor of serial processing primarily depends on the assumption that not all letters are phonologically converted when they form complex graphemes with the preceding letter. Although the assumption that all letters are phonologically converted might ultimately constitute an adequate and alternative account of the effect, it cannot be used as a justification for supporting a serial rather than a parallel processing hypothesis. However, to our knowledge, this aspect of the serial procedure has not yet been empirically examined. Finally, a second reason motivating the present study is that multi-letter graphemes are extremely common in orthographies such as English or French and a full understanding of word reading requires us to examine how these units are processed.
In the present study, the hypothesis of phonological activation associated with each of the letters in a complex grapheme was assessed using a phoneme detection task in printed pseudoword stimuli. Tasks requiring participants to identify letters in words or pseudowords have often been used to explore orthographic processing in lexical access (e. g., Gross, Treiman, Inman, 2000) and the flow of activation between the orthographic and phonological systems (Ziegler & Jacobs, 1995; Hooper & Paap, 1997) . Similarly, several studies have explored auditory word recognition through the use of phoneme detection tasks (e. g., Frauenfelder & Segui, 1989) . Interestingly, several data also suggest the existence of early interactions between phonological and orthographic codes activated by means of bimodal presentations (e. g. Borowsky, Owen, & Fonos, 1999; Dijkstra, Frauenfelder, & Schreuder, 1993) . In the experiment reported below, we use a new paradigm that we believe should shed some light on how phonological codes are generated from print. In particular, the participants decided whether or not a target vowel phoneme was present in the phonological code of visually presented pseudowords. Using the same logic as that underlying the letter search task, searching for sounds in the phonological code of printed material should provide information concerning phonological (instead of orthographic) activation during reading. Pseudoword stimuli were used instead of words to ensure that the phonological code of the letter string had to be built analytically and could not be addressed lexically. Consequently, because the phonological code of pseudowords can only be obtained through the nonlexical procedure, any activation of spurious phonemes during conversion should affect performance in the detection task.
Pseudowords were visually presented and were followed 150 ms later by the auditory presentation of a vowel phoneme target. In the critical trials, the pseudowords included a complex grapheme (e. g., AU (/o/) in the pseudoword AUCLET (/oklϯ/) and a negative response was expected (i. e., the vowel target is absent from the pronunciation of the pseudoword ). In these trials, the vowel target corresponded either to the pronunciation of the first (e. g., /a/) or the second letter (e.g., /y/) of the complex grapheme (e.g., AU). A third (control) condition was added in which the vowel target was absent from the pronunciation of the pseudoword and corresponded neither to the pronunciation of the first or second letters of the complex grapheme (e. g., to detect /i/ in AUCLET). The DRC model predicts that only the first letter of the complex grapheme will cause activation of its phonological code.
Accordingly, it should be more difficult to decide that the vowel is absent from the pronunciation of the pseudoword when it corresponds to the pronunciation of the first letter of the complex grapheme than when it corresponds to the second letter of the complex grapheme. It should be noted that performance was examined on trials calling for negative responses, thus preventing a simple interpretation of the effects in terms of a serial search for the target phoneme. Indeed, the entire phonemic chain had to be considered given that the target phoneme could appear in any serial position in the pseudoword. As four different target phonemes were used for the experimental pseudowords, four different lists of trials were created so that no subject was presented with the same pseudoword more than once. The lists were counterbalanced so that each experimental pseudoword was paired with the four different target phonemes. Each list consisted of the 48 experimental pseudowords and the 72 fillers. Ten additional trials were used for practice. The pseudoword stimuli were presented in lower case on a computer screen. For each trial, a warning signal was presented for 500 ms, immediately followed by the pseudoword. The target phoneme was then presented through headphones 150 ms after the onset of the pseudoword display. According to findings obtained using the masked priming paradigm (Ferrand & Grainger, 1993) , the use of such a positive delay should allow the automatic activation of phonological codes associated with the pseudoword before the presentation of the target phoneme. The pseudoword stimulus remained on the screen until the participant's response. The participants were asked to decide as quickly and accurately as possible whether the target phoneme was present in or absent from the pronunciation of the letter string.
Responses were given by pressing one of two buttons of a response box. Response latencies were measured from the onset of the pseudoword display until the participant responded.
RESULTS
Response latencies smaller than 250 ms or longer than 1500 ms were discarded. In addition, latencies exceeding 2.5 standard deviations above the participant mean were also rejected. Overall, cutoffs led us to exclude 1.6 % of the observations. Mean latencies for "yes"
(target phoneme present) and "no" (target absent) were 780 ms and 831 ms, respectively. The corresponding percentages of errors were 6.8 % and 10 %. The mean response latencies and error rates on the experimental pseudowords for the three absent-target phoneme conditions (Letter1, Letter2, and Letter-Absent) are presented in Table 1 . Mean latency and mean error were 774 ms and 6.9% respectively in the Grapheme condition. Table 1 Analyses of variance were conducted on the Participant and Item means as a function of the three absent-target phoneme conditions. As far as latencies are concerned, there was a reliable effect of Target Phoneme, F1(2,58)=18,5, p<.001 ; F2(2,94)=12.9, p<.001. Latencies were slightly longer in the Letter2 than in the Letter1 condition, but the difference did not reach significance in the by-item analysis, F1(1,29)=4.26, p=.048 ; F2(1,47)=2.2, p=.14.
Conversely, the Letter1 condition and the Letter2 condition yielded longer latencies than the Letter-Absent condition; F1(1,29)=27.3, p<.001, F2(1,47)=22.2, p<.001. As shown in Table   1 , errors were more frequent in the Letter1 and Letter2 conditions than in the Letter-Absent condition, but the effect of Target Phoneme was not significant, F1(2,58)=2.2, p=.11 ; F2<1.
DISCUSSION
The purpose of the present study was to examine whether single letters are phonologically converted when they form multi-letter graphemes. According to the serial procedure embodied in the DRC model , phonological coding operates letter-by-letter. In the case of a two-letter grapheme, the phonological code of the first letter is initially activated. When the second letter enters the conversion process, it merges with the preceding letter to constitute a complex grapheme from which the correct phonological code is retrieved. Hence, letters which do not occur at the beginning of complex graphemes never activate their corresponding phonological codes. To assess this hypothesis, a task was used that required the participants to detect simple vowel phonemes in the phonological code of visually presented pseudowords. We predicted that it should be more difficult to decide that the target phoneme does not occur in the phonological code of the pseudowords when it corresponds to the pronunciation of the first letter of the complex grapheme than when it corresponds to the pronunciation of the second letter of the vowel digraph. The prediction was not supported by the data. It was no harder to decide that the target phoneme was not present in the pseudoword when it matched the phonological code of the first letter than when it matched the phonological code of the second letter of the complex grapheme. However, these two conditions yielded longer latencies than when the target phoneme was not present in the pseudoword phonology and did not correspond to the sound of single letters.
The present data suggest that individual letters are mapped to their corresponding phonological codes even when they are part of multi-letter graphemes. In line with such a view, both Plaut et al's (1996) and Zorzi et al.'s (1998) models use orthographic encoding schemes in which letters occurring in complex graphemes are individualized,although units for multi-letter graphemes are also allowed in Plaut et al. Thus, the data seem compatible with current PDP implementations of spelling-to-sound mapping, and they are consistent with recent evidence pointing to the activation of competing phonological codes during the phonological conversion of pseudowords (Lange, 2002) .
Although the present study does not support the particular serial procedure implemented in the DRC model Rastle & Coltheart, 1998) , we believe that it is not necessarily incompatible with a serial hypothesis. Indeed, the idea of a letter-byletter procedure can still be valid once phonological activation corresponding to any single letter is assumed. In the case of multi-letter graphemes, the phonological codes corresponding to single letters as well as to letter groups would be activated in the phoneme system. As has been supposed in multiple-levels models (e. g., Norris, 1994) , a preference for larger units might then cause inhibition of the phonemic codes associated with single letters (Rey et al., 1998) . A serial procedure that permits the activation of phonemic codes associated with all the letters of a multi-letter grapheme seems particularly advantageous for the reading of French nasal vowels and consonants. For example, the digraphs ON or AN correspond to graphemes and are pronounced /ѐ / and /Ϫ / when followed by a consonant (e. g., TRONC; RANG), but they correspond to two successive phonemes /o/ + /n/ and /a/ + /n/ when followed by a vowel (e. g., ZONE; CANE) 2 . Thus, in this example, the pronunciation of the second letter (N) of a possible grapheme (ON, AN) has to be produced on the basis of the oral vowel. Whether or not such a modification of the serial procedure would lead to quantitative differences in the performance of the model can only be assessed by means of simulations.
As acknowledged by Coltheart et al. (2001) , the question of how rules are serially applied has not yet been answered. However, in the case of serial models of phonological conversion, specifying how the serial procedure operates is far from being a mere implementational detail.
Simulations performed during the last decade have led researchers to specify the architectural differences between the models in greater detail. However, at the same time it was observed that similar patterns of results were generally produced with very different architectures. In this respect, the contrast between serial and parallel processing was thought to be central because clearly contrasting empirical predictions seemed to be attached to the different models. However, recent studies suggest that findings initially considered as supporting a serial procedure can also be accounted for within parallel models (e. g; Zorzi,
2000; but see Rastle & Coltheart, 2000) . For example, both Milostan and Cottrell (1998) and Zorzi (2000) showed that parallel conversion models produced the expected interaction between regularity and serial position. In the present study we focused on an important and as yet unexplored characteristic of the serial procedure implemented in the DRC model that allows us to make clear predictions with regard to the phonological activation associated with multi-letters graphemes. Constraining the modeling of serial processes, the data suggest that all the letters present in multi-letter graphemes are individually associated with their corresponding phonological code. We believe that our study represents a first attempt to specify possible serial procedures, thus making possible stronger empirical contrasts between serial and parallel models of phonological conversion. 
